Theta-burst stimulation (TBS) over the dorsolateral prefrontal cortex (DLPFC) may be more effective for modulating cortical excitability compared to standard repetitive transcranial magnetic stimulation. However, the impact of intermittent (iTBS) and continuous TBS (cTBS) on working memory (WM) is poorly studied. The aim of our study was to compare the effects of iTBS and cTBS on WM over the left and right DLPFC. iTBS, cTBS or sham stimulation was administered over the right and left hemisphere of fifty-one healthy human subjects. WM was assessed before and after TBS using the 1-back, 2-back, and 3-back tasks. We found classical practice effects in the iTBS and the sham group: WM performance improved following stimulation as measured by the discriminability index. However, this effect could not be observed in the cTBS group. We did not find any hemisphere-dependent effects, suggesting that the practice effect is not lateralized, and TBS affects WM performance in a comparable manner if administered either over the left or the right hemisphere. We propose that our findings represent a useful addition to the literature of TBS-induced effects on WM. Moreover, these results indicate the possibility of clarifying processes underlying WM performance changes by using non-invasive brain stimulation.
SCIENTIfIC REPORTS | (2018) 8:14835 | DOI:10.1038/s41598-018-33187-3 frontoparietal regions and increased parietal gamma power has been found following iTBS along with behavioral improvement in the n-back WM task 22 . Enhanced amplitudes of TMS-evoked event-related potentials 23 , as well as increased theta and gamma power, have also been detected by Chung et al. 24 . However, in these studies, consistent behavioral improvement could not be revealed 23, 24 . On the other hand, cTBS over the DLPFC has been reported to impair WM 25, 26 and also to decrease theta power 27 . Given these inconsistencies, a systematic investigation of cTBS-and iTBS-related impact on WM and direct comparisons of the effect of the two stimulation protocols with the same stimulation parameters on WM are needed.
A recent study has compared changes in performance on several neurocognitive tests, both following iTBS and cTBS. WM performance decreased following both active stimulation protocols considering reaction times, as reflected by a diminished practice effect. However, only cTBS had a disruptive effect on task accuracy 21 . This suggests that cTBS does not (only) disrupt WM itself but (also) the capacity to improve in a WM task. Although practice effects have been considered to be a confounding factor in cognitive measurements, practice-related changes -as a tool to measure cognitive plasticity 28 -also yield useful information about the underlying mechanism of cognitive performance 29, 30 . It is currently not known whether the mechanism behind the practice-related improvement (i.e. the ability to learn task-specific skills) in a WM task can be interfered by a single session of non-invasive stimulation. This question might also be relevant for the interpretation of TBS effects on brain plasticity, which is a key mechanism for learning and memory 16, 18 .
The above-mentioned TBS-studies have applied stimulation over the left DLPFC only. Thus, effects of TBS administration over the right hemisphere also remain an open question. A recent study has found that left but not right cTBS induces bilateral blood oxygenation changes in the prefrontal area 31 , and dopamine release is enhanced only following left DLPFC stimulation 32 . From the behavioral perspective, a direct comparison of TBS effects on WM over the left and right DLPFC is lacking in the current literature. Traditional TMS studies have found that verbal WM appears to be modified by left but not right DLPFC stimulation 33, 34 . Others have reported rTMS to effectively modulate WM both over the left and the right DLPFC 3, [35] [36] [37] [38] . However, in some cases, the effects of rTMS over the right DLPFC have only been prominent for WM tasks containing spatial 39, 40 or negatively valenced stimuli 41, 42 . Thus, clarifying whether DLPFC stimulation over the left and the right hemisphere is associated with verbal WM changes is warranted.
The above-mentioned gaps in the literature have raised the following questions for our study: (1) is iTBS improving and cTBS worsening WM performance, (2) are left and right DLPFC stimulation leading to different consequences considering their distinct effect on WM performance? Therefore, we administered iTBS, cTBS or sham stimulation over the left and right DLPFC of healthy participants. The n-back task, a well-established approach for WM assessment, has been administered twice: once before and once after the stimulation. Hoy et al. found behavioral improvement on WM tasks, as well as increased fronto-parietal theta synchronization and parietal gamma band power following iTBS 22 . Therefore, we expected an increase in performance on the n-back task following iTBS administration. Opposite behavioral and electrophysiological effects using cTBS have been reported by Schicktanz et al. 25 and Chung et al. 24 , respectively. Thus, we hypothesized that cTBS would decrease WM performance. Our third hypothesis was that the effects related to TBS would not be equal over the two hemispheres. Based on previous findings, we expect more pronounced results following left DLPFC stimulation compared to right DLPFC stimulation 31, 33, 34, 43 .
Results
Overview. A total of fifty-one participants completed the study. Subjects received iTBS, cTBS or sham stimulation over the DLPFC. At two separate occasions, the left and right hemisphere were stimulated, respectively. The n-back working memory task (1-back, 2-back, and 3-back) was completed by the participants both prior to and following the stimulation. Performance was assessed by reaction times and d′ scores.
Pre-stimulation RTs and d' scores.
We did not find pre-stimulation differences between groups regarding both median RTs and d′ scores. This is supported by non-significant GROUP main effects and the lack of interactions including GROUP (all p > 0.05) (for details, see Supplementary Tables S1 and S2 ). These results indicate an equal pre-stimulation performance of the three groups for all administered levels of the n-back task and for each condition.
Median RTs. The mixed ANOVA for median RTs revealed a significant main effect of TIME (F (1,48) = 8.763, p = 0.005, n p 2 = 0.154). Post-hoc tests showed slightly shorter overall median RTs following stimulation (mean scores: pre-stimulation 0.618 s ± 0.012 SE; post-stimulation 0.600 s ± 0.011 SE). An additional main effect of LOAD was found (F (2, 96) = 115.233, p < 0.001, n p 2 = 0.706), indicating increasing RTs with higher cognitive demand (mean scores: 0.499 s ± 0.009 SE for 1-back; 0.609 s ± 0.014 SE for 2-back; 0.719 s ± 0.017 SE for 3-back). The interaction of the two main effects was also found to be significant (F (1,96) = 4.947, p = 0.009, n p 2 = 0.093). Post-hoc comparison revealed that the difference between the two time points was detectable for the 2-back (F (1,48) = 9.137, p = 0.004, n p 2 = 0.160) and 3-back level (F (1,48) = 6.519 p = 0.014, n p 2 = 0.120), but not for 1-back (F (1, 48) = 0.591, p = 0.446, n p 2 = 0.012, BF 10 = 0.200). The above interaction was not modified by GROUP (F (4,96) = 1.358, p = 0.254, n p 2 = 0.054), or by SIDE (F (1.689,81.095) = 0.314, p = 0.694, n p 2 = 0.007). To clarify whether there is truly no difference related to stimulation type, or our data are just not sensitive enough to detect the difference, we calculated Bayes-factor excluding (H 0 ) and including (H 1 ) the effect of GROUP. The Bayes-factor model indicated a strong evidence for H 0 (BF 10 = 0.050). We applied the similar algorithm for SIDE, indicating strong evidence in favor of H 0 (BF 10 = 0.064). on the 2-back compared to 3-back condition, indicating a higher cognitive demand for the 3-back condition (mean scores: 3.575 ± 0.065 SE for 2-back; 2.125 ± 0.088 SE for 3-back). As for the main effect of TIME, increased performance was found following stimulation, signaling a potential practice effect between the two time points (mean scores: 2.708 ± 0.072 SE for pre-stimulation; 2.992 ± 0.071 SE for post-stimulation). Notably, a significant TIME × GROUP interaction was detected (F (2,48) = 4.252, p = 0.02, n p 2 = 0.151). To further analyze the source of this interaction, pairwise comparison with estimated marginal means was applied. We found a difference between the two time points in the iTBS (F (1,48) = 12.095, p = 0.001, n p 2 = 0.201) and the sham group (F (1, 47) = 25.113, p < 0.001, n p 2 = 0.343), but this did not apply for the cTBS group (F (1, 48) = 0.999, p = 0.323, n p 2 = 0.02, BF 10 = 0.398) ( Fig. 1 ). The interaction above was not modified by SIDE (F (1, 48) = 0.198, p = 0.821, n p 2 = 0.008). To support the finding that SIDE as a factor has no critical effect on the detected interaction, Bayes-factors were calculated excluding (H 0 ) and including (H 1 ) for the effect of SIDE. In this model, Bayes-factor indicated strong evidence in favor of H 0 (BF 10 = 0.096).
Discussion
In the current study, we aimed to investigate the effects of iTBS and cTBS delivered over the right and left DLPFC on two repeated measurements of WM performance. The n-back task has been administered before and after stimulation. The expected practice effect (i.e. general improvement due to repeated task completion 44 ) occurred in the iTBS and sham stimulation group. This was reflected by the discriminability index. However, cTBS eliminated the practice effect and thus reducing WM performance. Considering RTs, practice-related effects occurred independently of stimulation type. Moreover, we detected a similar impact of TBS on both hemispheres. Bayesian statistics further support our findings obtained with more classical statistical approaches.
TBS has been shown to modulate brain activity by mimicking theta-gamma coupling 5 which is a key feature for realizing coordination during cognitive tasks [7] [8] [9] . Thus, the effect of TBS is expected to modulate WM based on the theta-gamma neural code 11 . Previous studies have found a disruptive effect of cTBS on WM measured by behavioral methods 25, 26 . Therefore, our results suggesting reduced WM performance (i.e. lack of improvement) following cTBS are in line with previous findings. We might argue that cTBS affected WM performance by causing long-term depression-like effects or by impairing the dopaminergic transmission in networks involving the DLPFC 5, 32, 45 . Besides that, the modulation of theta-gamma oscillations could also play a role in the cTBS-related WM effects. Studies have found cTBS to increase the power of theta-gamma frequency oscillations over the DLPFC, whereas iTBS has been reported to increase it 22, 23, 27 .
Contrary to our hypothesis, a lack of iTBS effects was found in the current study. iTBS has been reported to enhance task-related theta-gamma synchronization between frontal and parietal areas 22, 24 , and subtle effects of iTBS on WM have also been shown 22 . However, some recent studies have also failed to find behavioral enhancement after iTBS accompanied by oscillatory changes 23, 24 . Behavioral modulations are difficult to show after a single session of stimulation of healthy individuals 2 , and the behavioral consequences of cTBS on cognition might be more stable than iTBS effects 46 . This assumption could partially explain why we only detected cTBS-related changes on the behavioral level. Studies show that iTBS is more likely to alter electrophysiological markers (i.e. to cause differences in the features of event-related potentials, to change the degree of theta-gamma coupling or power in the crucial frequency ranges) than to cause behavioral changes 23, 24 . Thus, iTBS might have had an effect on the neural level, which was not manifested on the behavioral level. Nevertheless, as WM-related electrophysiological after-effects of cTBS are not revealed yet, further studies should be conducted to clarify the underlying mechanism of the cTBS-induced behavioral changes, also compared to iTBS. We might also speculate that the revealed disruptive effect of cTBS was not necessarily specific to WM itself, but rather to the consolidation of task-specific skills. Therefore, practice effects might also be interpreted as task-related knowledge which would help participants to improve their performance on the second administration. This might be supported by the lack of practice effect reported in neurocognitive disorders 47, 48 , which are characterized by deficits in memory consolidation and acquiring new information 49 . Considering that memory processes may be modified by TBS 50, 51 , and theta frequency oscillations are associated with memory consolidation processes 12 , it might be possible that prefrontal stimulation affected the consolidation of task-related skills. Future studies assessing whether consolidation may also play a role in TBS-related WM performance changes, seem warranted.
We did not find practice effects to occur in the 1-back condition. This supports the assumption that the changes detected here are WM-dependent to some extent and not solely associated with a more general task-related skill learning ability. Practice-related effects have been previously described to be independent of task difficulty 52 . However, different levels of performance modulation (or the lack of practice-related behavioral changes) following sham TBS have been found on several neuropsychological tasks 21 . A recent study has also revealed that the practice effect consists of various sub-processes, which are differently affected by the repeated completion of the task 53 . In the current study, processing speed was not modulated by TBS, thus supporting the notion that the applied stimulation affected only sub-processes defining WM performance. Nevertheless, the question if the measured effects originate from alterations in task-independent model-building processes or from solely WM-related changes remains in the focus of interest for future research. This could be addressed by measuring TBS-induced changes on the practice effect using other executive function tests with less WM demand (for example, Attention Network Task 54 ). Additionally, the longitudinal assessment of practice effects (i.e. through multiple testing sessions) could reveal its dynamics and potential specificities. To sum up, we suggest that the disruption of practice effects related to cTBS might serve as a helpful concept to explain the inhibitory influence of cTBS on cognitive performance, whereas iTBS appears to be less robust than cTBS in this aspect.
Previous rTMS findings have reported bilateral contribution or even right DLPFC superiority for WM tasks using different cognitive targets 3, [35] [36] [37] 39, 40, 42 . In contrast, an early TMS study has suggested the left DLPFC stimulation leads to verbal WM performance modulation 33 . Interestingly, neuroimaging data have also suggested left DLPFC superiority for WM 43 . The n-back task used here was verbally featured, with no spatial or emotional aspects, which could partially explain the equal effects of TBS over the left and right hemisphere. We might argue that the left and right DLPFC play a similar role in the tested WM-related learning ability. Another possible explanation might be that disrupting activity in either hemisphere provokes an imbalance between the hemispheres that results in impaired performance 55 . This would also mean that enhancing activity using iTBS or high-frequency rTMS on one hemisphere could cause an imbalance that ultimately reduces performance. In studies using facilitatory TMS-methods either increase or a lack of change in performance has been detected 2,46 . This makes the hemispheric imbalance explanation less plausible. However, future studies specifically addressing this issue are required. Our current results further support the notion that WM-related processes can be equally modulated by TBS over either hemisphere in healthy individuals.
The stimulation intensity is crucial for the interpretation of our results considering that it differed remarkably from the intensity levels applied by previous studies testing the effects of TBS on WM. Nevertheless, cognitive changes have been described previously with comparable or even lower intensities [56] [57] [58] . The average MT of our participants was approximately 60% of the MSO. Thus, the stimulation intensity level was at nearly 50% of MT, compared to 80% of MT typically used in similar studies 22, 25 . Consequently, we might speculate that cTBS exerts its effect on WM at low intensity, whereas iTBS might require higher intensities to have a more prominent or longer-lasting effect on WM performance. Additionally, iTBS and cTBS are characterized by distinct electrophysiological parameters, with the ideal stimulation intensity also differing if applied over motor cortical areas 5 . Similar to our findings, a diminished practice effect on n-back performance following cTBS has been previously found when comparing it to iTBS and sham stimulation 21 . The stimulation intensity applied by Viejo-Sobera et al. 21 was 80% of the active motor threshold. This value is lower compared to motor threshold measured without voluntary contraction, typically by 5-20% of the MSO 59 . Thus, the level of intensity was comparable to our administration but lower than in studies reporting an increase in WM performance following iTBS 22 . Additionally, a recent study aimed to identify the ideal stimulation intensity for iTBS to modulate WM. This revealed an inverse U-shaped pattern of the different stimulation intensity effects, with nearly 75% of resting MT resulting in the largest neurophysiological changes. Nevertheless, 50% of resting MT also influenced neurophysiological functioning -but not at the behavioral level 24 . Exact data on the ideally recommended stimulation intensity of cTBS to affect WM is not yet available, therefore, future studies should address this issue. We strongly believe that our current results shed further light on potentially distinct but optimal stimulation intensities of different TBS protocols. This is supported by the disruptive effect of cTBS at the applied intensity, whereas iTBS remained ineffective at the same intensity.
In the present study, we found cTBS to have an inhibitory influence on the practice effect during the n-back task, while iTBS did not exert this fundamental effect. Our findings suggest that (1) the two distinct stimulation protocols presumably exert different effects on measured cognitive abilities, and (2) stimulation of the left or right DLFPC might have equivalent effects on WM at the behavioral level. Furthermore, in the light of previously reported neurophysiological changes related to WM following TBS administration 22, 24, 25 , future studies should examine post-TBS neuronal responses if stimulating both hemispheres. The role of practice underlying WM performance alterations and its interaction with TBS should be systematically explored in the future. The current results also emphasize the importance of investigating effects of low-intensity TBS on cognitive function and the potential differences of the ideal stimulation intensity for iTBS and cTBS to modulate WM. Above this, the assumption that iTBS and cTBS are defined by distinct ideal stimulation intensity levels could well influence the design of TBS-based treatment protocols. We strongly believe that the current findings represent a useful addition to the process of developing effective ways to reveal the influence of iTBS and cTBS on WM and to clarify the sub-processes behind WM changes by using non-invasive brain stimulation.
Methods
Participants. The selected sample size was based on an a priori sample size estimation. We calculated the required sample size with a medium estimated effect size, as TBS-induced effect sizes were found to be larger than in rTMS studies 5, 22 . To find group differences between the three groups and within two repeated measurements with a power of 0.85, and assuming a medium effect size of 0.5, the required sample size was 48. Fifty-two healthy volunteers were recruited to participate in the study (see Table 1 for demographic data). None of the subjects had a history of any psychiatric or neurological disorder at the time of the participation. All participants had normal or corrected-to-normal vision. Participants were randomly assigned to one of the three groups and were naïve to the stimulation type. Informed consent was signed by all participants prior to the first session, and none of them withdrew from the experiment because of TBS discomfort. We had to exclude one participant due to administration failure in the first session. Thus, final analysis was carried out including fifty-one participants. The study was conducted in accordance with the Declaration of Helsinki, and the experimental protocol was approved by the Experimental design. The examination was performed in two separate sessions. At least two weeks of washout period was kept between the two occasions. During both sessions, all participants completed three levels of the n-back task before and after stimulation. Either the right or the left DLPFC was stimulated during the first examination, with the other hemisphere on the second occasion, respectively. The order of stimulation side was counterbalanced across participants. Three groups were formed: eighteen out of the fifty-one participants were given iTBS, seventeen of them received cTBS, and sixteen participants were assigned to the sham stimulation group. The experimental protocol was identical in each group, except for the type of stimulation.
N-back task. The 1-back, 2-back, and 3-back version of the n-back task was administered consecutively 60 using PsychoPy (version: v1.82.01) 61 . During the n-back tasks, random capital letter stimuli (A, C, E, I, K, L, S, O, R, T, U) were presented serially on the screen for 1500 ms with an interstimulus interval of 500 ms. Participants had to respond by pressing the space bar if the letter on the screen was the same as the letter presented one (1-back task), two (2-back task) or three (3-back task) trials earlier (Fig. 2) . A total of 100 trials was completed at each level meaning a total of 300 trials per measurement. The frequency of target stimuli was set at 20% of all presented stimuli. The total duration of the tasks was about 15 minutes. We assumed that post-stimulation effects lasted during the entire examination, based on previous studies using TBS to modulate cognitive performance 22, 25 . Reaction times (RT), number of hits, correct rejections, false alarms and misses were recorded.
Theta-burst stimulation protocol. TBS was used to localize the target position on the scalp of each participant. Prior to this, 3D-brain models were created using participants' MRI scans for accurate and individual targeting. Right and left DLPFC has been marked as the target area located on the 3D surface rendering of the brain, based on each participants' gyral morphology (the anterior third of the middle frontal gyrus, Brodmann 9/46). We positioned the center of the coil over the target area, tangentially to the skull, with the handle pointing backward. During sham stimulation, the coil was rotated 45° away from the skull, with one wing of the coil being in contact with the scalp. Within the sham group, we administered the iTBS protocol for half of the participants, and cTBS pattern for the other half of the participants.
The cTBS and iTBS administration protocols in the current study was based on the original TBS stimulation pattern described by Huang et al. 5 . The cTBS pattern consisted of 3 pulses given at 50 Hz (gamma frequency) in every 200 ms (theta frequency intervals of 5 Hz) for 40 s. Thus, a total of 600 pulses of uninterrupted TBS was administered to each participant in the cTBS group. As for iTBS, a 2 s train was repeated every 10 s for 190 s in total. In one train, 3 pulses were given at 50 Hz, which resulted in 600 pulses for each subject in the iTBS group. The stimulation intensity was kept at 30% of the maximal stimulator output (MSO) of the Magstim Rapid 2 stimulator, due to limitations in the maximal TBS intensity of the stimulator. We chose to administer equal intensity for all participants. This was based on evidence claiming that the individual adaptation of TMS intensity to the measured motor threshold does not necessarily lead to more prominent effects 62 . To make sure that the potential effects are not due to differences in the motor thresholds, we measured visible motor threshold (MT) without voluntary contraction prior to the two TBS sessions, at a separate occasion. It was defined as the lowest stimulation intensity applied over the right primary motor cortex (M1) required to elicit visible contraction of the left abductor pollicis brevis muscle in 3 out of 5 probes. If 80% of the individual MT did not reach 30% of MSO so that the intensity does not exceed the 80% of MT, the applied intensity was reduced by 20% of the MT. This occurred in one case in the cTBS group (27% of MSO) and in one case in the sham group (29% of MSO). The mean rMTs and ranges are given in Table 2 . There was no difference between groups in terms of the mean rMT (F (2,48) = 1.325, p = 0.275, n p 2 = 0.52, BF 10 = 0.385).
Statistical analysis.
For statistical analysis with the frequentist approach, IBM SPSS Statistics 24.0 software package was used. N-back performance was evaluated by two scores: median reaction times (RT) and discriminability index (d′) used in the framework of signal detection theory 63 . We chose to use median RTs over mean scores to avoid the confounding effect of invalid (i.e. extremely short or extremely long) RTs 64 . For calculating d′ scores, we distinguished four types of answers: hits (correctly identified targets), misses (incorrectly identified targets as non-targets), false alarms (incorrectly identified non-targets as targets), and correct rejections (correctly identified non-targets). The d′ value is a highly sensitive statistical index involving both the ability to maximize hits and the efficiency of minimizing false alarms. It is calculated from the standard deviation of the signal and the noise distribution, with higher scores representing more readily detected signals (therefore greater discriminability) 65 . d′ scores were calculated individually as:
We analyzed RTs by a 3 × 2 × 2 × 2 mixed ANOVA with the cognitive load (LOAD: 1. 1-back; 2. 2-back; 3. 3-back), the time of administration (TIME: 1. pre-stimulation; 2. post-stimulation) and the side of the stimulation (SIDE: 1. right DLPFC; 2. left DLPFC) as within-subject factors, and stimulation type (GROUP: 1. iTBS; 2. cTBS; 3. sham) as between-subject factor. Considering that participants completed the 1-back task with an extremely high accuracy (99.53% in total), d′ scores were not calculated for this task. Thus, d′ scores have been analyzed by a 2 × 2 × 2 × 2 mixed ANOVA with the same parameters as for the RTs, excluding the 1-back condition. Pairwise comparisons of estimated marginal means (with Bonferroni correction for multiple testing) was used for follow-up on the significant main effects and interactions. Prior to analyzing TBS-induced effects, an additional mixed ANOVA with LOAD and SIDE as within-subject factors, and with GROUP as a between-subject factor was carried out, to test whether the three groups differed in terms of their pre-stimulation performance (factor levels were the same as previously defined).
In addition to the more conventional frequentist statistical approach, we also calculated Bayes-factors (BF) for the underpinning of our non-significant, but relevant results. Although the classical null-hypothesis testing mainly relies on the p-value, it is important to keep in mind that a non-significant result could mean at least two different things: (1) the null hypothesis is true; or (2) the collected data are not sensitive enough to distinguish between the null and an alternative hypothesis 66 . BF could be considered as the weight of evidence provided by the collected data, helping to differentiate between these two options 67 . Therefore, to compare the likelihood of our models favoring the H 0 versus the H 1 hypothesis, we performed Bayesian ANOVAs using JASP 0.8.03.01 68 carried out by default prior. Here we report BF 10 values that should be interpreted as follows: BF 10 values between 1 and 0.33 indicate anecdotal, values between 0.33 and 0.1 substantial, and values below 0.1 strong evidence for H 0 . Reversely, values between 1 and 3 indicate anecdotal, values between 3 and 10 substantial, and values above 10 strong evidence in favor of H 1 67 . 
